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ARTICLE
Homozygous microdeletion of exon 5 in ZNF277
in a girl with specific language impairment
Fabiola Ceroni1, Nuala H Simpson2, Clyde Francks3,4, Gillian Baird5, Gina Conti-Ramsden6, Ann Clark7,
Patrick F Bolton8, Elizabeth R Hennessy9, Peter Donnelly2, David R Bentley10, Hilary Martin2, IMGSAC11,13,
SLI Consortium2,13, WGS500 Consortium2,13, Jeremy Parr11, Alistair T Pagnamenta2,12, Elena Maestrini1,
Elena Bacchelli1, Simon E Fisher3,4 and Dianne F Newbury*,2
Specific language impairment (SLI), an unexpected failure to develop appropriate language skills despite adequate non-verbal
intelligence, is a heterogeneous multifactorial disorder with a complex genetic basis. We identified a homozygous microdeletion of
21,379bp in the ZNF277 gene (NM_021994.2), encompassing exon 5, in an individual with severe receptive and expressive
language impairment. The microdeletion was not found in the proband’s affected sister or her brother who had mild language
impairment. However, it was inherited from both parents, each of whom carries a heterozygous microdeletion and has a history of
language problems. The microdeletion falls within the AUTS1 locus, a region linked to autistic spectrum disorders (ASDs). Moreover,
ZNF277 is adjacent to the DOCK4 and IMMP2L genes, which have been implicated in ASD. We screened for the presence of
ZNF277 microdeletions in cohorts of children with SLI or ASD and panels of control subjects. ZNF277 microdeletions were at an
increased allelic frequency in SLI probands (1.1%) compared with both ASD family members (0.3%) and independent controls
(0.4%). We performed quantitative RT-PCR analyses of the expression of IMMP2L, DOCK4 and ZNF277 in individuals carrying
either an IMMP2L_DOCK4 microdeletion or a ZNF277 microdeletion. Although ZNF277 microdeletions reduce the expression of
ZNF277, they do not alter the levels of DOCK4 or IMMP2L transcripts. Conversely, IMMP2L_DOCK4 microdeletions do not affect
the expression levels of ZNF277. We postulate that ZNF277 microdeletions may contribute to the risk of language impairments in a
manner that is independent of the autism risk loci previously described in this region.
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INTRODUCTION
Specific language impairment (SLI) is a common neurodevelopmental
disorder diagnosed in children with language abilities below age
expectations, given adequate educational opportunities and in the
absence of other medical conditions, such as hearing deficits or
intellectual disability. SLI affects 3–7% of preschool English-speaking
children.1 Twin and family studies support the role of a strong genetic
background in SLI,2 but a complex inheritance pattern suggests that
several loci and environmental factors contribute to the overall risk.
Although a diagnosis of SLI excludes the presence of other clinical
conditions that affect language, SLI presents co-morbidity with other
neurodevelopmental disorders, such as autism spectrum disorder
(ASD). Although ASD is characterized by an impaired communica-
tion, language skills can be highly heterogeneous and phenotypic
overlaps with SLI in the language domain have been debated. Some
studies report that a minority of adolescents with a history of SLI
show behavioral traits reminiscent of autism.3–5 Similarly, some find
that a subset of children with ASD exhibit language profiles
resembling SLI.6,7 However, others report qualitative differences that
can distinguish the performance of individuals with SLI or ASD in
language tests.8–10
Recent studies investigated whether the phenotypic similarities of
the language deficits may reflect potentially shared causes. An
example of functional link between SLI and ASD, in addition to
other neurodevelopmental disorders, is given by CNTNAP2: variants
in and disruptions of this gene are reported to be associated with
language endophenotypes in both SLI and ASD,11 suggesting that
CNTNAP2 might harbour susceptibility risk factors that could impair
language skills in distinct language-related disorders.
Submicroscopic copy number variations (CNVs) have been shown
to be an important source of susceptibility to psychiatric disorders,12
such as ASD, schizophrenia and bipolar disorder. Some CNVs are
recurrently observed across multiple neuropsychiatric conditions,13
sometimes with variable penetrance of the genes implicated,
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suggesting a pleiotropic effect. These findings support the hypothesis
that these CNVs can represent shared risk variants across different
types of neurodevelopmental diseases and might highlight common
genes and/or pathways.
Here, we describe a novel CNV case involving homozygous loss of
material from the ZNF277 gene, found in a child with SLI. This CNV
falls in the AUTS1 region of linkage to ASD (7q21-q32,
OMIM#209850).14–18 A fine mapping study of AUTS1 previously
reported association of ASD with SNPs in two genes that are proximal
to ZNF277, DOCK4 (dedicator of cytokinesis 4, OMIM#607679) and
IMMP2L (IMP2 inner mitochondrial membrane protease-like,
OMIM#605977).19 An additional investigation20 described a rare
microdeletion involving the DOCK4 and IMMP2L genes that
co-segregated with the presence of dyslexia in an extended family.
On the basis of prior reports of phenotypic and genetic overlaps
between SLI and ASD, and given the position of this homozygous
microdeletion, we hypothesized that ZNF277 may represent a
candidate gene for both disorders. Therefore, we went on to
investigate the frequency of ZNF277 microdeletions in cohorts of
individuals with SLI or ASD. Finally, we used quantitative PCR
(qPCR) techniques to further examine the effects of ZNF277
microdeletions on expression levels of genes in the AUTS1 region.
MATERIALS AND METHODS
Discovery pedigree
A genome-wide CNV screen of 512 individuals from families with SLI was
performed to investigate CNV burden in individuals with SLI. This study
utilized genome-wide SNP data from the Illumina Human OmniExpress
(v12.1) beadchip and identified CNVs within the Nexus,21 PennCNV22 and
QuantiSNP23 algorithms. A manuscript describing this larger data set is in
preparation. In the current manuscript, we describe an incidental finding from
these data: the identification of a homozygous microdeletion involving exon 5
of ZNF277 (NM_021994.2) (chr7:g111955948_111960100del, hg19). As this
microdeletion was in a homozygous form, we predicted that it might be
particularly deleterious to the individual and thus selected it for further study,
as described below.
The microdeletion was predicted to be present in a single child of a non-
consanguineous Caucasian family. The child had a clinical diagnosis of SLI.
She did not develop language skills until the age of 4–5 years. She appeared
sociable but was dependent on being shown what to do with toys. Her
thinking was slightly rigid but no other obvious autistic behaviors were
reported or observed. Her non-verbal intelligence was below average (perfor-
mance IQ¼ 75). She attended a special unit for speech and language impaired
children.
The proband had two siblings, an older brother and a younger sister. All
three children presented with a similar pattern of speech and language
impairment, which primarily affected the expressive domain. They all
presented with delayed word and phrase speech, unintelligible speech with
poor articulation and impaired word retrieval. However, the three children
differed in terms of the severity of their impairment and their non-verbal
attainment. The younger sister had a slightly higher non-verbal IQ than the
proband (PIQ¼ 94) and also had a diagnosis of SLI, although she appeared
less severely affected than the proband. The brother had a particularly high
non-verbal IQ (PIQ¼ 127) and although he was reported to have had an early
speech and language delay, he did not have a diagnosis of SLI. He did attend a
special educational unit and at 10 years of age he had a significant verbal
performance discrepancy and impaired sentence recall. Both parents reported a
family history of speech or language problems.
Validation in the discovery pedigree
qPCR using iQ SYBR-green Supermix (Bio-Rad, Hercules, CA, USA) and four
primer pairs across the predicted CNVand the surrounding region was used to
validate the presence of the microdeletion and to examine co-segregation in
the discovery pedigree. Primer sequences are available on request. All the
members of the family were analyzed by qPCR, except for the sister, for whom
insufficient DNA was available. The sister was instead tested using a PCR assay
with primers spanning the ZNF277 microdeletion breakpoints, as described for
the screening of the larger cohort below. For each sample, qPCRs were set up
in triplicate and compared against a control gene (ZNF423) and a control
subject. The number of copies of each amplified fragment was calculated using
the 2DDCt method.24
The boundaries of the ZNF277 microdeletion were determined by Sanger
sequencing using primers flanking the predicted deletion boundaries.
Screening of larger cohorts
Primers spanning the ZNF277 microdeletion breakpoints, which generated a
shortened product in the presence of the microdeletion, were used for a PCR-
based screening of three separate cohorts: a cohort of families containing
individuals with SLI, a cohort of families containing individuals with ASD and
a control cohort. A second primer pair that amplifies exon 5 of ZNF277, giving
a product only when the allele is not deleted, was subsequently used to test
whether the identified microdeletions were in the heterozygous or homozygous
form.
The SLI screening cohort consisted of DNA from 1234 individuals from 322
families (545 parents, 318 SLI probands and 371 siblings). This cohort
included the 512 individuals who comprised the CNV study but included
many additional SLI subjects (144 additional probands) and their family
members (550 individuals). All families formed a part of the SLI Consortium
cohort, which has previously been described in detail.25–28 In short, these
British nuclear families were ascertained on the basis of at least one child who
had expressive or receptive language skills Z1.5 standard deviations (s.d.)
below the normative mean for their chronological age and WISC Perceptual
Organisation Index (a composite score of the non-verbal subtests Picture
Completion, Picture Arrangement, Block Design and Object Assembly) of
477.5 (1.5 s.d. below that expected for their age).
The ASD cohort consisted of DNA from 1021 individuals from 252 families
(454 parents, 412 affected children and 155 siblings) and formed part of the
International Molecular Genetic Study of Autism Consortium (IMGSAC)
cohort, which has previously been described.16 The families were collected
from different countries (UK, Netherlands, France, USA, Germany, Denmark
and Greece) and were predominantly Caucasian (92.5%). In short, this cohort
consists of multiplex ASD families in which at least one child meets a clinical
diagnosis of ASD under the Autism Diagnostic Interview and/or Autism
Diagnostic Observation Schedule (ADOS) or ADOS generic.
The control cohort consisted of DNA from 224 non-related UK Caucasian
blood donors from the ECACC Human Random Control (HRC) panel (http://
www.hpacultures.org.uk/products/dna/hrcdna/hrcdna.jsp). In addition, we had
access to sequence data from 130 unrelated Caucasian samples through an in-
house project at the Wellcome Trust Centre for Human Genetics – the 500
Whole-Genome Sequences Project (WGS500 Consortium29).
We used the two-tailed Fisher’s exact test (1 degree of freedom) to test
whether the allelic frequency of ZNF277 microdeletions was significantly
different between SLI probands and control individuals.
Gene expression evaluation
RNA samples were not available for the discovery individuals. We therefore
chose to examine expression levels of ZNF277, DOCK4 and IMMP2L by qPCR
in cDNA derived from lymphoblastoid cell lines from 10 individuals belonging
to four ASD families, 5 of whom carried a heterozygous ZNF277 microdele-
tion, and the expression level of ZNF277 in cDNA derived from blood from
two individuals from a single Dutch multiplex ASD family previously
described by Pagnamenta et al.20 with an IMMP2L_DOCK4 microdeletion
(chr7:g.110876742_111470446del, hg19). The housekeeping gene GUSB
(NM_000181.3) was used as a normalizer and expression levels were
normalized against a control individual. The 2DDCt method was applied to
estimate the difference in the expression of the three genes between the
samples.24 Statistical significance was calculated with the Student T-test,
assuming unequal variance between the two independent sample groups for
the expression analysis.
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RESULTS
Identification and validation of a homozygous microdeletion of
exon 5 in ZNF277
During a CNV analysis of SNP array data, a female patient with a
diagnosis of SLI was found to carry a novel homozygous microdele-
tion within the gene ZNF277. The microdeletion removes exon 5 of
the ZNF277 gene, causing a frame-shift mutation and introducing a
premature stop codon in exon 7 (NM_021994.2). Given the like-
lihood of non-sense-mediated mRNA decay, this homozygous micro-
deletion would thus be predicted to result in a complete lack of
functional protein in the affected individual.30
qPCR of available family members in this pedigree demonstrated
that one copy of the microdeletion was transmitted to the proband
from each parent, who were both heterozygotes and reported to have
language problems in their childhood: the father had speech
impairment and the mother had dyslexia. However, the microdeletion
was not transmitted to the proband’s brother, who presented with an
early expressive speech and language impairment but did not have a
diagnosis of SLI (Figure 1a). Insufficient DNA was available for the
qPCR assay in the proband’s sister.
The predicted microdeletion included only three SNP probes
(rs11769219, rs4727766 and rs7802828) and had a minimum
predicted size of 4153 bp. At the time of detection, there were no
overlapping deletions described in the Database of Genomic Variants
(DGV)31,32 (January 2012). Subsequently, one larger, overlapping
heterozygous loss, was described in a HapMap female control sample
(NA12156) (DGV, February 2013). A similar size microdeletion was
observed in an in-house sequencing database at the Wellcome Trust
Centre for Human Genetics in a heterozygous form (1/130 samples of
the 500 Whole-Genome Sequences Project (WGS500 Consortium29))
Figure 1 Molecular characterization of the ZNF277 microdeletion in the discovery pedigree. (a) On the left, the results from the qPCR, on the right the
discovery pedigree, where black indicates diagnosis of SLI and grey indicates language problems. (b) On the right, the results of PCR across the
microdeletion breakpoints: only the allele with the microdeletion can be amplified and visualized as a band of 466bp in the parents and in the proband. On
the left, amplification of exon 5 of ZNF277 indicates the presence of at least one allele without the microdeletion. In both gels, 1 kb Plus DNA ladder was
loaded at the extremities. (c) Sequence electropherograms from the PCR products spanning the microdeletion in ZNF277. The rectangle indicates the
genomic position of the microdeletion in ZNF277. The 2 bp (TC), common to both ends, are delimited by dotted lines and circled in the reference
sequence. bp, base pair, PCR, polymerase chain reaction, qPCR, qPCR.
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allowing the accurate detection of the breakpoint boundaries which
lie in two LINE elements, L2c and L1M4. Sanger sequencing validated
the boundaries in the discovery individual (chr7:g.111941769_
111963147, hg19: 21 379 bp) and confirmed the presence of the
microdeletion in the parents and proband but not in either of the
siblings (Figures 1b and c).
Detection of the ZNF277 heterozygous microdeletion in the SLIC
and IMGSAC cohorts
In addition to the discovery family, another 1229 individuals were
screened giving a total cohort size of 322 families (1234 individuals)
affected by SLI (545 parents, 318 probands and 371 siblings). The
screening led to the identification of 16 additional individuals with
the ZNF277 microdeletion in a heterozygous form, 5 of whom were
probands (allelic frequency 0.8%), 6 parents (allelic frequency 0.6%)
and 5 siblings (allelic frequency 0.7%) (Figure 2), giving an allelic
frequency of 0.8% in the entire cohort (20/2468 chromosomes).
Across all SLI probands (ie independent cases including the discovery
proband), the allelic frequency of microdeletions was therefore 1.1%
(7/636 chromosomes).
In contrast, the microdeletion was observed in the heterozygous
form in 1 of 130 unrelated samples in our in-house sequencing cohort
(allelic frequency 0.4%) and 2 of 224 ECACC control individuals
(allelic frequency 0.4%) giving a control population allelic frequency
of 0.4% (3/708 chromosomes).
Screening of 252 ASD families (1021 individuals) identified
heterozygous ZNF277 microdeletions in 4 ASD families. Four
mothers carried the microdeletion (allelic frequency 0.4%) and it
was inherited by three affected children (allelic frequency 0.4%) giving
a frequency of 0.3% (7/2042 chromosomes) across the entire cohort.
All of the ASD families were ascertained as multiplex pedigrees and
thus included more than one affected child. Unlike the SLI families, in
many cases, there was no single designated proband within the family
units. All three ASD cases who inherited the microdeletion had
affected siblings who did not inherit the microdeletion rendering the
derivation of an objective proband frequency problematic.
The deletion of exon 5 in ZNF277 causes a decrease in the mRNA
expression
In order to investigate the effect of the ZNF277 microdeletion and its
relationship to a nearby IMMP2L_DOCK4 microdeletion indepen-
dently described in an autistic family in a previous publication20
(Figure 3a), we assessed the effects of ZNF277 microdeletion on the
expression of ZNF277, DOCK4 and IMMP2L. Conversely, we also
assessed the effect of IMMP2L_DOCK4 microdeletions on the
expression of ZNF277. In its heterozygous form, the ZNF277
microdeletion decreased the expression of the entire ZNF277 tran-
script (P¼ 0.035) but did not significantly alter the expression of
DOCK4 or IMMP2L (Figure 3b). Similarly, the microdeletion within
DOCK4 and IMMP2L did not decrease the ZNF277 expression
(Figure 3c). Note that this deletion has previously been shown to
decrease the expression level of DOCK4.20
DISCUSSION
In this study, we identified a novel homozygous microdeletion of
exon 5 of the ZNF277 gene in a child with SLI. Screening of an
additional 321 SLI families indicated that the allelic frequency of
ZNF277 microdeletions was more than twice that was observed in
control cohorts (1.1 vs 0.4%), although the rarity of the microdeletion
meant that this difference did not reach significance when examined
with a two-tailed Fisher’s exact test (P¼ 0.206).
Given prior observations of phenotypic and genetic overlaps
between SLI and autism, as well as the genomic position of the
ZNF277 gene within a known ASD risk locus, we postulated that the
disruption of this gene may be relevant for both disorders. However,
screening of a cohort of ASD multiplex families found that the
frequency of ZNF277 microdeletions in individuals with autism was
similar to that observed in controls. The ZNF277 microdeletion that
we describe was not documented in the DGV, possibly because of the
small number of standard array SNPs contained within the deleted
segment. However, we specifically searched Supplementary Data from
CNV studies of ASD and found that the microdeletion had been
previously characterized during a CNV screen of the Simons Simplex
Collection33 and occurred at a frequency of 0.3% (6/2248
chromosomes). This figure matches with that observed in our ASD
cohort, supporting the current data set and reinforcing our
conclusion that the ZNF277 microdeletion does not contribute to
ASD susceptibility.
In the SLI families where DNA of both parents was available, we
observed that none of the ZNF277 microdeletions was de novo and
that, in many cases, the segregation with language impairment was
Figure 2 Pedigree of the SLIC families carrying the ZNF277 microdeletion.
Black filling indicates full diagnosis of SLI.
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incomplete. In three families, the microdeletion was not inherited by
the proband, whereas in another three families, the microdeletion was
inherited by unaffected siblings (Figure 2). Furthermore, although
sample sizes of individuals carrying the deletion were small, we did
not observe any correlation between the presence of the deletion and
any language-related phenotypes investigated (Supplementary
Table 1). These data suggest that the heterozygous copy loss of exon
5 of ZNF277 may represent a risk factor rather than a highly
penetrant variant, whereas the homozygous copy loss appears to have
a greater impact on the SLI susceptibility. In neurodevelopmental
disorders, it is hypothesized that multiple common and rare variants
act in concert to determine the phenotype in a complex manner.
Under this hypothesis, it is perhaps not surprising to find risk variants
in both affected and unaffected family members, or to observe
transmission to only a subset of affected individuals of the family.
Such findings are consistent with a multigenic threshold model.34
Some variants may be highly penetrant while others may be
individually insufficient to cause the disorder, but they may
Figure 3 IMMP2L, DOCK4 and ZNF277 transcription levels in individuals with ZNF277 microdeletion. ZNF277 transcription levels in individuals with
IMMP2L_DOCK4 microdeletion. The graph shows the ratio of IMMP2L, DOCK4 and ZNF277 transcript levels, normalized using GUSB as a reference.
(a) Schematic representation showing ZNF277, DOCK4 and IMMP2L loci with respect to chromosome 7. The bars underneath show the chromosomal
position of the two types of microdeletions that were analyzed. (b) the ratio has been calculated as an average of five samples for each group of individuals,
belonging to four ASD families: ‘not-del’ indicates the group of individuals with two wild-type copies of ZNF277, ‘del’ the group of individuals with the
heterozygous ZNF277 microdeletion. Two fragments were tested for the ZNF277 transcript: exons 1–2 (which lies outside of the microdeletion) and exons
3–5 (which encompasses the microdeletion). The expression pattern for the fragments was decreased in both cases when compared with individuals without
the CNV, whereas in exon 5 it was significantly lower (P¼0.035). Bars indicate the standard errors. (c) The ratio of ZNF277 expression has been
calculated for two individuals of a family with an IMMP2L_DOCK4 microdeletion: the father, who has two normal copies of IMMP2L and DOCK4, and the
mother, who carries the IMMP2L_DOCK4 deletion.
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combine with other risk loci and/or environmental factors to cross the
risk threshold. Even well-established risk loci for autism, ID,
schizophrenia and other neurodevelopmental syndromes provide
examples of imperfect segregation, as shown by exonic CNVs
in NRXN1,35 missense mutations in SHANK2,36 rare sequence
and structural variants in CNTNAP2,37,38 microdeletions and
microduplications at 16p11.2.39–41
Given these data, some researchers propose a ‘dual-hit’ model.42
Under such a hypothesis, the phenotypic effects of copy number
events, even those of high penetrance, may be modulated by a second
independent genetic ‘insult’ which may take the form of an additional
CNV or a rare coding mutation. Support for this model comes from
studies of single language-impaired cases43 and larger cohorts of
individuals with ASD44,45 or particular microdeletion/duplication
syndromes.42,46–48 In the current discovery family, there were no
obviously co-segregating second hits. A rare duplication of 72Kb was
observed to occur only in the proband (chr2:g.41263841-
41336618dup, hg19 – Supplementary Table 2) and a novel 9Kb
deletion was observed in the mother and sister (chr2:g.125099924-
125109738del, hg19 – Supplementary Table 2). However neither of
these events affects any coding sequence. Larger or more in-depth
studies would therefore be required to further investigate possible
genetic modulators of ZNF277 microdeletions. It is conceivable that
the phenotypic variability associated with heterozygous ZNF277
microdeletions might be modulated by a combination of pathogenic
single-nucleotide variants in other genomic locations, small changes
in regulatory regions or other factors beyond the scope of this study.
We found that the heterozygous microdeletion of exon 5 in ZNF277
does not affect the expression of autism candidate genes IMMP2L and
DOCK4. Similarly, a microdeletion involving the 30 end of DOCK4
(exons 27–52), a gene which lies head-to-head with the ZNF277 gene,
and the first three exons of IMMP2L, decreases the expression level of
DOCK4 but not ZNF277. Taken together, these data suggest that
ZNF277 microdeletions may have a role in SLI susceptibility that is
distinct from the autism risk loci described in the AUTS1 region.
ZNF277 is an evolutionary conserved zinc finger gene with 12
exons.49 It is expressed in several tissues, including the brain,
particularly in the neocortex and hippocampus in early mid-fetal
development.50 Although the function of ZNF277 has not been
studied in humans, the mouse Zfp277 gene, which shows 480%
homology to the human gene at the amino-acid level, has been
implicated in the epigenetic regulation of cellular memory.51
Zfp277/ mice were born healthy and fertile, indicating that the
knockout is not lethal,51 consistent with our finding of viability for
humans with no functional ZNF277. Interestingly, the Zfp277 protein
directly interacts with Bmi-1, a key component of the Polycomb
Repressor Complex. This complex has an important role in the
maintenance of adult stem cells from numerous tissues, including the
central nervous system.52,53
Sequencing of the breakpoints in the discovery individual demon-
strated that the breakpoint boundaries lie in two LINE elements, L2c
and L1M4. L2c (chr7:g.111941666_111941883, hg19, strand þ )
belongs to the L2 LINE family and L1M4 (chr7:g.111961275_
111963848, hg19, strand ) to the L1 LINE family, which promote
structural variation through non-allelic homologous recombination.
BLAST alignment of the entire sequence of these two elements did not
reveal extended homology between them. However, sequencing of the
breakpoints revealed 2 bp microhomology at the junctions, suggesting
that this deletion may to be generated through a microhomology-
mediated repair mechanism.54 In conclusion, we propose that the
disruption of ZNF277 may contribute to SLI in a complex genetic
model. We further hypothesize that this risk is distinct from the
autism risk loci as previously described in this region. Further studies
will be required to replicate these findings and characterize the
function of the human protein ZNF277, clarifying its potential
implication in language development.
NOTE ADDED IN PROOF
During the proof-editing stage of the manuscript, we noted that a
deletion of the same size had also been reported in the most recent
release of DGV (evs2656841) (DGV, January 2014). These data again
supported the expected frequencies found throughout our study
(evs2656841 frequency¼ 0.35% – 8 losses in 2302 chromosomes
(1151 individuals)).
DATA ARCHIVING
The CNV data generated for the discovery family will be archived in
the DGVa (http://www.ebi.ac.uk/dgva/).
CONFLICT OF INTEREST
The WGS500 Consortium is partly funded by Illumina. DR Bentley is
an employee of Illumina Inc.
ACKNOWLEDGEMENTS
We would like to thank all the families, professionals and individuals who
participated in this research. Dianne Newbury is an MRC Career Development
Fellow and a Junior Research Fellow at St John’s College, University of Oxford.
The work of the Newbury lab is funded by the Medical Research Council
(G1000569/1 and MR/J003719/1). The genotyping of samples was funded by
the Max Planck Society. The collection of the SLIC samples was supported by
the Wellcome Trust (060774 and 076566). PF Bolton is supported by a
National Institute of Health Research (UK) Senior Investigator award and the
Biomedical Research Centre in Mental Health at the South London &
Maudsley NHS Trust Hospital, London. The WGS500 Consortium is a joint
project of the Wellcome Trust Centre for Human Genetics, the NIHR Oxford
Biomedical Research Centre and Illumina. The work of the Wellcome Trust
Centre in Oxford is supported by the Wellcome Trust (090532/Z/09/Z).
1 Law J, Boyle J, Harris F, Harkness A, Nye C: Prevalence and natural history of primary
speech and language delay: findings from a systematic review of the literature.
Int J Lang Commun Disord 2000; 35: 165–188.
2 Stromswold K: Genetics of spoken language disorders. Hum Biol 1998; 70: 297–324.
3 Howlin P, Mawhood L, Rutter M: Autism and developmental receptive language
disorder—a follow-up comparison in early adult life. II: social, behavioural, and
psychiatric outcomes. J Child Psychol Psychiatry 2000; 41: 561–578.
4 Mawhood L, Howlin P, Rutter M: Autism and developmental receptive language
disorder – a comparative follow-up in early adult life. I: cognitive and language
outcomes. J Child Psychol Psychiatry 2000; 41: 547–559.
5 Conti-Ramsden G, Simkin Z, Botting N: The prevalence of autistic spectrum disorders
in adolescents with a history of specific language impairment (SLI). J Child Psychol
Psychiatry 2006; 47: 621–628.
6 Kjelgaard MM, Tager-Flusberg H: An investigation of language impairment in autism:
implications for genetic subgroups. Lang Cogn Process 2001; 16: 287–308.
7 Lindgren KA, Folstein SE, Tomblin JB, Tager-Flusberg H: Language and reading
abilities of children with autism spectrum disorders and specific language impairment
and their first-degree relatives. Autism Res 2009; 2: 22–38.
8 Whitehouse AJ, Barry JG, Bishop DV: The broader language phenotype of autism:
a comparison with specific language impairment. J Child Psychol Psychiatry 2007; 48:
822–830.
9 Whitehouse AJ, Barry JG, Bishop DV: Further defining the language impairment
of autism: is there a specific language impairment subtype? J Commun Disord 2008;
41: 319–336.
10 Riches NG, Loucas T, Baird G, Charman T, Simonoff E: Sentence repetition in
adolescents with specific language impairments and autism: an investigation of
complex syntax. Int J Lang Commun Disord 2010; 45: 47–60.
11 Vernes SC, Newbury DF, Abrahams BS et al: A functional genetic link between distinct
developmental language disorders. N Engl J Med 2008; 359: 2337–2345.
12 Malhotra D, Sebat J: CNVs: harbingers of a rare variant revolution in psychiatric
genetics. Cell 2012; 148: 1223–1241.
Homozygous microdeletion in ZNF277 in SLI
F Ceroni et al
1170
European Journal of Human Genetics
13 Coe BP, Girirajan S, Eichler EE: The genetic variability and commonality of
neurodevelopmental disease. Am J Med Genet C Semin Med Genet 2012; 160C:
118–129.
14 Barrett S, Beck JC, Bernier R, Bisson E, Braun TA, Casavant TL: An autosomal
genomic screen for autism: collaborative linkage study of autism. Am J Med Genet
1999; 88: 609–615.
15 International Molecular Genetic Study of Autism Consortium. A full genome screen for
autism with evidence for linkage to a region on chromosome 7q. International
Molecular Genetic Study of Autism Consortium. Hum Mol Genet 1998; 7: 571–578.
16 International Molecular Genetic Study of Autism Consortium: Further characterization
of the autism susceptibility locus AUTS1 on chromosome 7q. Hum Molec Genet
2001; 10: 973–982.
17 Shao Y, Wolpert CM, Raiford KL, Menold MM, Donnelly SL, Ravan SA: Genomic
screen and follow-up analysis for autistic disorder. Am J Med Genet 2002; 114:
99–105.
18 Schellenberg GD, Dawson G, Sung YJ et al: Evidence for multiple loci from a genome
scan of autism kindreds. Mol Psychiatry 2006; 11: 1049–1060.
19 Maestrini E, Pagnamenta AT, Lamb JA et al: High-density SNP association study
and copy number variation analysis of the AUTS1 and AUTS5 loci implicate the
IMMP2L-DOCK4 gene region in autism susceptibility. Mol Psychiatry 2010; 15:
954–968.
20 Pagnamenta AT, Bacchelli E, de Jonge MV et al: Characterization of a family with rare
deletions in CNTNAP5 and DOCK4 suggests novel risk loci for autism and dyslexia.
Biol Psychiatry 2010; 68: 320–328.
21 Darvishi K: Application of Nexus Copy Number Software for CNV detection and
analysis. Curr Protoc Hum Genet 2010 Chapter 4, Unit 4. 14: pp 1–28.
22 Wang K, Li M, Hadley D et al: PennCNV: an integrated hidden Markov model designed
for high-resolution copy number variation detection in whole-genome SNP genotyping
data. Genome Res 2007; 17: 1665–1674.
23 Colella S, Yau C, Taylor JM et al: QuantiSNP: an objective Bayes hidden-Markov model
to detect and accurately map copy number variation using SNP genotyping data.
Nucleic Acids Res 2007; 35: 2013–2025.
24 Livak KJ, Schmittgen TD: Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) method. Methods 2001; 25: 402–408.
25 The SLI consortium (SLIC): A genomewide scan identifies two novel loci involved in
specific language impairment. Am J Hum Genet 2002; 70: 384–398.
26 The SLI Consortium: Highly significant linkage to the SLI1 locus in an expanded
sample of individuals affected by specific language impairment. Am J Hum Genet
2004; 74: 1225–1238.
27 Falcaro M, Pickles A, Newbury DF et al: Genetic and phenotypic effects of
phonological short-term memory and grammatical morphology in specific language
impairment. Genes Brain Behav 2008; 7: 393–402.
28 Newbury DF, Paracchini S, Scerri TS et al: Investigation of dyslexia and SLI risk
variants in reading- and language-impaired subjects. Behav Genet 2011; 41: 90–104.
29 Palles C, Cazier JB, Howarth KM et al: Germline mutations affecting the proofreading
domains of POLE and POLD1 predispose to colorectal adenomas and carcinomas.
Nat Genet 2013; 45: 136–144.
30 Khajavi M, Inoue K, Lupski JR: Nonsense-mediated mRNA decay modulates clinical
outcome of genetic disease. Eur J Hum Genet 2006; 14: 1074–1081.
31 Iafrate AJ, Feuk L, Rivera MN et al: Detection of large-scale variation in the human
genome. Nat Genet 2004; 36: 949–951.
32 Zhang J, Feuk L, Duggan GE, Khaja R, Scherer SW: Development of bioinformatics
resources for display and analysis of copy number and other structural variants in the
human genome. Cytogenet Genome Res 2006; 115: 205–214.
33 Sanders SJ, Ercan-Sencicek AG, Hus V et al: Multiple recurrent de novo CNVs,
including duplications of the 7q11.23 Williams syndrome region, are strongly
associated with autism. Neuron 2011; 70: 863–885.
34 Cook EH Jr, Scherer SW: Copy-number variations associated with neuropsychiatric
conditions. Nature 2008; 455: 919–923.
35 Bucan M, Abrahams BS, Wang K et al: Genome-wide analyses of exonic copy number
variants in a family-based study point to novel autism susceptibility genes. PLoS Genet
2009; 5: e1000536.
36 Berkel S, Marshall CR, Weiss B et al: Mutations in the SHANK2 synaptic scaffolding
gene in autism spectrum disorder and mental retardation. Nat Genet 2010; 42:
489–491.
37 Bakkaloglu B, O’Roak BJ, Louvi A et al: Molecular cytogenetic analysis and
resequencing of contactin associated protein-like 2 in autism spectrum disorders.
Am J Hum Genet 2008; 82: 165–173.
38 Gregor A, Albrecht B, Bader I et al: Expanding the clinical spectrum associated with
defects in CNTNAP2 and NRXN1. BMC Med Genet 2011; 12: 106.
39 Weiss LA, Shen Y, Korn JM et al: Association between microdeletion and
microduplication at 16p11.2 and autism. N Engl J Med 2008; 358: 667–675.
40 Glessner JT, Wang K, Cai G et al: Autism genome-wide copy number variation reveals
ubiquitin and neuronal genes. Nature 2009; 459: 569–573.
41 McCarthy SE, Makarov V, Kirov G et al: Microduplications of 16p11.2 are associated
with schizophrenia. Nat Genet 2009; 41: 1223–1227.
42 Girirajan S, Rosenfeld JA, Cooper GM et al: A Recurrent 16p12.1 microdeletion
supports a two-hit model for severe developmental delay. Nat Genet 2010; 42:
203–209.
43 Newbury DF, Mari F, Sadighi Akha E et al: Dual copy number variants involving 16p11
and 6q22 in a case of childhood apraxia of speech and pervasive developmental
disorder. Eur J Hum Genet 2013; 21: 361–365.
44 O’Roak BJ, Deriziotis P, Lee C et al: Exome sequencing in sporadic autism
spectrum disorders identifies severe de novo mutations. Nat Genet 2011; 43:
585–589.
45 Girirajan S, Dennis MY, Baker C et al: Refinement and discovery of new hotspots
of copy-number variation associated with autism spectrum disorder. Am J Hum Genet
2013; 92: 221–237.
46 Girirajan S, Rosenfeld JA, Coe BP et al: Phenotypic heterogeneity of genomic disorders
and rare copy-number variants. N Engl J Med 2012; 367: 1321–1331.
47 Leblond CS, Jutta H, Delorme R et al: Genetic and functional analyses of SHANK2
mutations suggest a multiple hit model of autism spectrum disorders. Plos Genetics
2012; 8: e1002521.
48 Wincent J, Bruno DL, van Bon BW et al: Sixteen new cases contributing to the
characterization of patients with distal 22q11.2 microduplications. Mol Syndromol
2010; 1: 246–254.
49 Liang H, Guo W, Nagarajan L: Chromosomal mapping and genomic organization of an
evolutionarily conserved zinc finger gene. ZNF277. Genomics 2000; 66: 226–228.
50 Kang HJ, Kawasawa YI, Cheng F et al: Spatio-temporal transcriptome of the human
brain. Nature 2011; 478: 483–439.
51 Negishi M, Saraya A, Mochizuki S, Helin K, Koseki H, Iwama A: A novel zinc finger
protein Zfp277 mediates transcriptional repression of the Ink4a/arf locus through
polycomb repressive complex 1. PLoS One 2010; 5: e12373.
52 Molofsky AV, Pardal R, Iwashita T, Park I, Clarke MF, Morrison SJ: Bmi-1 dependence
distinguishes neural stem cell self-renewal from progenitor proliferation. Nature 2003;
425: 962–967.
53 Molofsky AV, He S, Bydon M, Morrison SJ, Pardal R: Bmi-1 promotes neural stem
cell self-renewal and neural development but not mouse growth and survival by
repressing the p16Ink4a and p19Arf senescence pathways. Genes Dev 2005; 19:
1432–1437.
54 Vissers LE, Bhatt SS, Janssen IM et al: Rare pathogenic microdeletions and
tandem duplications are microhomology-mediated and stimulated by local genomic
architecture. Hum Mol Genet 2009; 18: 3579–3593.
This work is licensed under a Creative Commons
Attribution 3.0 Unported License. To view a copy of
this license, visit http://creativecommons.org/licenses/by/3.0/
Supplementary Information accompanies this paper on European Journal of Human Genetics website (http://www.nature.com/ejhg)
Homozygous microdeletion in ZNF277 in SLI
F Ceroni et al
1171
European Journal of Human Genetics
